Traditional DNA-based typing focuses primarily on interrogating the exons of human leukocyte antigen (HLA) genes that form the antigen recognition domain (ARD). The relevance of mismatching donor and recipient for HLA variation outside the ARD on hematopoietic stem cell transplantation (HSCT) outcomes is unknown. This study was designed to evaluate the frequency of variation outside the ARD in 10 of 10 (HLA-A, -B, -C, -DRB1, -DQB1) matched unrelated donor transplant pairs (n = 360). Next-generation DNA sequencing was used to characterize both HLA exons and introns for HLA-A, -B, -C alleles; exons 2, 3 and the intervening intron for HLA-DRB1 and exons only for HLA-DQA1 and -DQB1. Over 97% of alleles at each locus were matched for their nucleotide sequence outside of the ARD exons. Of the 4320 allele comparisons overall, only 17 allele pairs were mismatched for non-ARD exons, 41 for noncoding regions and 9 for ARD exons. The observed variation between donor and recipient usually involved a single nucleotide difference (88% of mismatches); 88% of the non-ARD exon variants impacted the amino acid sequence. The impact of amino acid sequence variation caused by substitutions in exons outside ARD regions in D-R pairs will be difficult to assess in HSCT outcome studies because these mismatches do not occur very frequently.
Introduction
In hematopoietic stem cell transplantation (HSCT), the optimal match for unrelated donor and recipient is based on HLA-A, -B, -C, -DRB1 and sometimes -DQB1, as these loci strongly impact survival (1) (2) (3) (4) . More recently, selection of a permissive HLA-DPB1 T-cell epitope mismatch has been added to the optimal matching criteria (2, 5) . Matching uses high-resolution typing assignments based on the sequences of exons encoding the human leukocyte antigen (HLA) molecule's antigen recognition domain (ARD). The ARD is the region of the HLA protein that binds an antigenic peptide and interacts with the antigen receptors of T lymphocytes and the natural-killer cell immunoglobulin-like receptors. It includes the α1 and α2 domains of class I proteins, specified by exons 2 and 3, and the α1 and ß1 domains of the class II proteins, specified by exon 2 of the class II HLA genes. Alleles sharing the nucleotide sequence in the ARD exons form the G allele groups; alleles encoding HLA proteins sharing their polypeptide sequences in this region form P groups (6) .
While the majority of HLA allelic polymorphism alters the DNA sequence in the ARD-encoding exons, additional polymorphisms have been observed outside of this region in random individuals. For example, based on IPD-IMGT/HLA 3.23.0, the HLA assignment, A*02:01:01G, includes 52 alleles that share the nucleotide sequence of exons 2 and 3 but that differ in the DNA sequence of exon 1, exons 4-8 or the noncoding regions [introns, 5
′ and 3 ′ untranslated regions (UTR)]. The majority of these alleles (63%) encode different amino acid sequences (e.g. A*02:09, A*02:66) from that encoded by the allele giving the G group its name (A*02:01:01:01) or cause variation in the expression of the protein (e.g. A*02:01:01:02L, A*02:43N). The remaining alleles included in A*02:01:01G encode synonymous substitutions in exons other than exons 2 and 3 (e.g. A*02:01: 15) or in noncoding regions (e.g. A*02:01:01:03). As typing has focused on the ARD exons, little is known about the frequency of alleles within a G group.
While variation within a G group outside of the ARD exons resulting in the loss of HLA expression clearly will affect allorecognition, the impact of amino acid substitutions outside the ARD on the ability of T lymphocytes to recognize this variation is poorly understood. For example, DRB1*14:01 and DRB1*14:54 differ by a single amino acid substitution (Y112H) in the second extracellular domain of the beta chain. Based on a crystal structure of HLA-DR, substitution of Y112 (DRB1*14:01) may alter an intramolecular salt bridge between H112 and E162 near the cell surface but does not appear to be in a position to impact the conformation of the antigen-binding site or the interaction with the T-cell receptor (7) . A retrospective analysis of the impact of mismatches between DRB1*14:01 and DRB1*14:54 in bone marrow transplant pairs found no evidence that outcome was impacted although the sample size was small (8) . In vitro studies of stimulation between DRB1*14:01 and DRB1*14:54 expressing cells showed weak alloreactivity but only in a single direction (Roelen et al., in preparation). For class I, the peptide binding motifs of B*44:02 and B*44:27 which differ in the α3 domain (V199A) and three other amino acids in transmembrane and cytoplasmic regions, are indistinguishable (9) and cellular assays found no cytotoxic T lymphocyte stimulation in a mixed lymphocyte reaction between cells carrying the two alleles (10) . Other allele pairs that differ only in exons outside ARD-encoding exons vary in the transmembrane or cytoplasmic regions, hidden from direct interaction with the T cell antigen receptor, while variation in the HLA leader peptide is not present in the mature protein. Thus, the consequences of mismatches from this non-ARD variation are likely to be minimal but the data supporting this conclusion are very limited.
Variation in the noncoding regions between donor and recipient would not be expected to contribute to an alloreactive mismatch unless the variation altered the expression of the HLA protein. Intronic regions controlling HLA expression include sequences at the 5 ′ and 3 ′ ends of introns involved in mRNA splicing; e.g. in DRB4*01:03:01:02N, this splicing motif is altered eliminating RNA expression (11) . HLA expression is also impacted by 5 ′ and 3 ′ UTR containing, e.g. promoter and microRNA binding sites (12) (13) (14) . Variation in these sites has been observed, e.g. among HLA-A (15) and among HLA-C alleles (16) (17) . Next-generation DNA sequencing provides a tool to characterize the frequency and potential impact of intronic variation within the HLA gene system; however, evaluation of the impact of variation that does not lie in known regulatory regions will require additional assays of gene expression or protein function.
In order to determine the feasibility of studies to measure the impact of mismatches outside the ARD on the clinical outcome of HSCT, it is essential to assess the frequency with which these non-ARD mismatches occur. The purpose of this study was to characterize the HLA diversity found in regions outside the ARD-encoding exons in donors (D) and recipients (R) matched at high resolution for five loci, HLA-A, -B, -C, -DRB1 and -DQB1 (i.e. 10/10 match). The majority of this population self-identified as Caucasian (82%) ( Table 1) . Each pair was originally HLA typed by an NMDP-affiliated transplant center during unrelated donor selection using their local typing strategy and matching criteria. Cells from donor and recipient were submitted to the NMDP repository and the HLA assignments and match status were confirmed by retrospective Sanger sequencing of the exons encoding the antigen recognition domains of HLA-A, -B, -C, -DRB1, -DQB1 and -DPB1 (18) . Long-range amplification of HLA loci was performed in separate polymerase chain reactions (PCRs) using DNA from Epstein Barr virus-transformed cell lines. PCR primers are described in Table S1 , Supporting Information. Amplicons from one individual were then pooled and sheared to an average size of 400 bp by sonication (Covaris LE220 focused ultrasonicator, Covaris, Woburn, MA). A library was constructed using Illumina's TruSeq Nano kit (Illumina, San Diego, CA) and the DNA fragments tagged with one unique index combination. Libraries from 96 individuals were combined and sequenced simultaneously in a single 500 cycle (V2 or V3) paired-end run using an Illumina MiSeq (Illumina, San Diego, CA). Data analysis used the Assign ™ MPS software (version 1.0.0.792 (Conexio Genomics Pty Ltd, Fremantle Western Australia); IPD-IMGT/HLA database 3.17.0.1). Although several thousand paired reads are generated for each locus, for Assign alignment, reads are selected based on fragment size, diversity and broad quality segregation (reads are placed in bins with a mean quality score of 1-10, 11-21, 21-30, 31-40 and 41-50). Reads are accumulated until there are at least 100 forward reads and 100 reverse reads covering each position in the analysis. The minimal cut off used for average read depth used for allele assignment in this study was 100 for each locus although most loci had an average read depth between 200 and 300. The Assign software generates the initial consensus assembly without reference to the list of known alleles so there is no inherent bias against calling novel mutations in the algorithm. Class I sequence analysis evaluated nucleotides from the first nucleotide of the start codon to the last nucleotide of the termination codon with the exception of 52 nucleotides at the 3 ′ end of intron 2 for HLA-B and -C which were not evaluated. Exons 2 and 3 and intron 2 (excluding the 5 ′ 150 intron nucleotides) were evaluated for HLA-DRB1. Exons 1-3 and the first half of exon 4 (exon containing the termination codon) were evaluated for HLA-DQA1 and exons 2-6 (exon containing the termination codon) for HLA-DQB1. Regions not evaluated contain repeated sequence motifs which made alignment of reads difficult and/or characteristics that challenge the sequencing chemistry producing high nonspecific backgrounds. These regions were excluded because their sequences were not reliable. Next-generation sequencing (NGS) assignments for all loci were compared with prior HLA assignments obtained by retrospective Sanger DNA-based sequencing with the exception of HLA-DQA1 which was not previously characterized. HLA-DQ introns were not analyzed because they contain many repeated motifs and the two alleles in an individual may differ dramatically by large insertions or deletions, sometimes involving these repeated motifs, making accurate assessment of the sequence difficult without further assays. Differences between D and R were flagged. Exon and intron variants between D and R were confirmed by repeating the PCR amplification and sequencing the locus in isolation using NGS and/or by Sanger-based sequencing (19) . New alleles have been submitted to GenBank and IPD-IMGT/HLA for allele assignment. Table S2 lists novel alleles that were shared by donor and recipient and that are not listed in other tables.
Materials and methods

HLA-
Association between allele mismatch and ancestry match was evaluated using the chi-squared test. A log-rank test was used to determine the sample size needed to assess the impact on outcome of non-ARD variation.
Results
The 360 10 of 10 high-resolution matched D-R pairs allowed the comparison of 720 allele pairs for each of six loci, HLA-A, -B, -C, -DRB1, -DQA1 and -DQB1. Since most (78%) pairs were mismatched for HLA-DP as identified by the prior Sanger sequencing, the HLA-DP assignments were not evaluated. NGS determined that the majority of the HLA-A, -B, -C allele pairs were matched for sequences outside the ARD exons including both exons and introns: 97.6% of the 720 allele pairs were matched for HLA-A; 98.3%, HLA-B; 97.1%, HLA-C (Table 2, Figure 1 ). Of the approximately one third of the large HLA-DRB1 gene that was sequenced, 98.5% of the 720 allele pairs were matched. HLA-DQ matching was only evaluated for the exon sequences; these loci were also well matched in the 720 comparisons: HLA-DQA1, 99.3% and HLA-DQB1, 99.9%.
Of the 67 cases where D and R were mismatched for a specific allele pair, there was no association with pairs that were mismatched for self-identified race/ethnicity (P = 0.87). Four allele mismatches had known differences (multiple race vs Caucasian or Caucasian vs Hispanic), 15 involved Caucasian and unknown race and 48 involved D and R matched for race/ethnicity. Three individuals (two Caucasian vs unknown race; one both Caucasian) had two allele pairs mismatched (HLA-A + -C and HLA-B + -DRB1).
A total of 17 allele pairs of the 4320 evaluated (0.4%) differed in non-ARD encoding exons; 15 of these differed by nonsynonymous substitutions (Table 3) . These nonsynonymous substitutions included three pairs that differed for nonexpressed alleles: B*51:11N and C*04:09N (observed twice). Eleven of the alternative alleles, including the two nonexpressed alleles, were common or well-documented (20) ; three were novel. The remaining three alleles, A*01:37, B*27:13 and DQA1*04:02, are not considered common or well-documented. [These latter alleles are not detected by many high-resolution typing methods in current use and so may be found more frequently when allele-level resolution testing is applied.] One of the common and well-documented null alleles was identified as a mismatch by the transplant center so this 9 of 10 matched pair should not have been included in the sample set. Review of the transplant center typing of the remaining two null alleles showed that one was in an unresolved ambiguous typing (C*04:01 or C*04:09N) and one (B*51:11N) was mis-assigned as the expressed allele (Table S3) . Forty-one (0.9%) allele pairs differed only in intronic regions; HLA-DQ was not evaluated. The majority (85%) of the allele pairs differed for only a single apparently random nucleotide substitution in one of the several introns of the HLA gene (Table 4) .
Although presumably matched at high resolution using retrospective Sanger sequencing, nine allele pairs (0.2%) differed within ARD exons (Table 5, Table S3 ). Three of these pairs differed for a nonsynonymous substitution: (1) an HLA-DQA1 allele pair that was not typed previously; (2) the inadvertent inclusion of a 9 of 10 matched D-R pair in the sample set (HLA-B mismatch) and (3) a mis-assignment by the transplant center and retrospective typing laboratory (DQB1*06:79:01). It was not possible to determine if the transplant center was aware of the synonymous substitutions that differed between donor and recipient because the transplant HLA, human leukocyte antigen; NGS, next-generation sequencing; PCR, polymerase chain reaction. a All variation has been confirmed by NGS of two independent PCR amplifications with the second sequence of the variant locus obtained in the absence of other HLA amplicons from that individual. It is still possible; however, that some variants result from artifacts such as the presence of reads from other co-amplified loci or alleles. For example, C*05:01:01var with five nucleotide changes shares this region with the second allele in the heterozygote, C*07:01:01:01, but the reads include C*05-specific residues at 5 ′ and 3 ′ ends. b Numbering is based on IPD-IMGT/HLA genomic sequence alignments with the reference allele (e.g. B*07:02:01 for HLA-B alignments) (25) . c All DRB1*14:54 alleles sequenced in this study (22 alleles) carry intron 2 7172 G>A variation defining DRB1*14:54var1.
center assignments were reported using only two fields of HLA nomenclature.
Discussion
This is the first study to evaluate the genetic variation and characterize mismatching outside of the ARD in a cohort of HLA-matched unrelated D-R pairs. The paucity of exonic mismatches outside of the ARD is striking. Over 98% of the allele comparisons were matched for all exon sequences. Limited variation between D and R was observed in all the loci except DQB1. The frequency of non-ARD exon variants will be determined as more individuals are tested with sequencing methods that characterize the entire gene.
The majority (15/17) of the nucleotide variation in the non-ARD exons resulted in single amino acid substitutions or (9, 10) . Based on this observation and on the location of some variants in transmembrane, cytoplasmic or leader sequences, it is anticipated that the impact of the remaining amino acid variation on allorecognition will be negligible although further functional studies are needed to confirm this. Most variation observed between allele pairs was intronic variation consisting primarily of single nucleotide substitutions located in various introns. HLA-C exhibited the most variation but all loci showed similar levels (HLA-DQA1 and -DQB1 not evaluated). While most of the intron variation seems to be randomly located, the substitution in C*03:04:01:04 at the 3 ′ end of intron 6 is near the mRNA splice junction but does not impact the motif (21) . The remaining variation does not appear to contribute to an alloreactive mismatch. Introns might be expected to experience less selective pressure compared with protein-encoding exons and therefore might exhibit more sequence variation; however, selective pressure may also conserve noncoding regions that control gene expression or impact sites in the vicinity of selected exon variants (21) (22) (23) . The data presented here suggest that the introns will be highly conserved; further data on noncoding sequences will be needed to support this observation.
Although HLA-DQA1 was not typed at the time of transplant, the tight linkage between HLA-DQA1 and -DQB1 predicts that, if HLA-DQB1 is matched, HLA-DQA1 will also be matched (24) . This was found to be true in the majority of pairs where 99.2% of the HLA-DQA1 alleles were matched.
One explanation for the high degree of matching outside the ARD-encoding exons is that the transplant centers were using typing methods that characterized additional exons and selecting donors matched at this higher than G-level resolution.
Unfortunately, the typing strategies of each of the 91 transplant centers are not available and the assignments provided by the centers to NMDP may have been truncated or incomplete (e.g. only the most 'common' assignment listed) so it is not possible to address this possibility directly. Indirect evidence supporting a majority of typing at ARD resolution is the transplant center typing of DRB1*14:01 vs DRB1*14:54 where the high frequency of the latter allele differing in exon 3 generated an early interest in matching outside of exon 2 (7, 8) . Of the 12 D-R pairs that included DRB1*14:01 or DRB1*14:54, only one pair showed transplant center typing for both D and R at the level of DRB1*14:54 (data not shown). The remainder included assignments that either did not resolve the two alleles or listed only DRB1*14:01 even though the individuals actually carried DRB1*14:54. This modest probe into typing resolution coupled with the fact that 60% of the pairs were typed between 2000 and 2010, suggests that the majority of assignments were made based on ARD-encoding exons only.
The impact of amino acid sequence variation caused by substitutions in exons outside ARD regions in D-R pairs will be difficult to assess in HSCT outcome studies because these mismatches do not occur very frequently. Assuming that exonic variation outside the ARD has the same impact as variation inside the ARD, a mismatch at HLA-A, -B, -C or -DRB1 would lead to approximately a 10% decrease in 5 years overall survival (50% vs 60%) (1). A total of 11 non-ARD exonic mismatches involving HLA-A, -B, -C or -DRB1 were observed in the current cohort for a frequency of 3%. Based on a log-rank test for 80% power at a significance level of P = 0.05 or 0.01, the required sample size to detect a difference would be approximately 5916 and 8806 transplant pairs, respectively.
It is encouraging that the high-resolution HLA typing carried out to date was able to identify a match over all exons in over 98% of the donor-recipient pairs. At present, it does not appear to be necessary to increase the resolution of HLA typing beyond the ARD in selecting a matched unrelated donor except in cases of common nonexpressed variants, such as C*04:09N, within G-group assignments. The advantage that NGS does offer, however, is an unambiguous allele assignment for the majority of samples. Because these D-R pairs were matched for 10 of 10, this likely explains the very conserved nature of their gene sequences. Mismatched pairs that carry haplotypes that have been separated by past recombinational events may exhibit more variation. Further study is warranted to confirm these findings in larger and more diverse cohorts.
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